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Oblique-incidence optical reflectivity difference from a rough film of crystalline material

X. D. Zhu*
Department of Physics, University of California, Davis, California 95616, USA

and Laboratory of Optical Physics, Institute of Physics, Chinese Academy of Sciences, Box 603,
Beijing 100080, The People’s Republic of China

~Received 2 September 2003; published 12 March 2004!

Formation of a rough film of crystalline material on a smooth substrate resulting from kinetic roughening in
epitaxy or erosion causes disproportionate changes in reflectivity fors- and p-polarized light. I present a
mean-field theory of optical reflectivity difference defined as (r p2r p0)/r p02(r s2r s0)/r s0[Dp2Ds from such
a rough film, withr p0 andr s0 being the reflectivities of the bare substrate, andr p andr s being the reflectivities
after the rough film forms on the substrate. In the limit that the average film thickness is less than the optical
wavelengthl, I found thatDp2Ds consists of a term that varies linearly with the average film thickness and
a term that is proportional to the surface density of step edge atoms. I apply such a theory to the analysis of
growth and ion erosion of a number of crystalline materials studied with the oblique-incidence optical reflec-
tivity difference ~OI-RD! technique.
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Epitaxial growth and removal of crystalline materials u
der various physical/chemical conditions are among the m
topics of material sciences. Experimental capabilities
monitoring the morphology of a growth or erosion surfa
are crucial to characterization, understanding, and in t
control of growth and erosion processes.1–8 Recently an
oblique-incidence optical reflectivity difference technique
special form of nulling ellipsometry, has been applied
studies of a wide range of surface kinetic processes
vacuum and in electrochemical environment.9–13 Unlike
electron diffraction techniques such as RHEED or heli
scattering techniques,1–7 the optical technique is capable o
probing growth or erosion surfaces under high ambient p
sure or in liquids as well as under ultrahigh vacuum. In a
dition the optical response from a surface is sensitive to b
crystalline order and chemical make-up of the surface. S
a dual sensitivity has been exploited in experimental stud
of both growth and surface reaction kinetics in rare gas
perovskite oxide epitaxy.9–12

So far the optical response is treated with a three-la
model in a mean-field sense.14 Such a model is sensible
each molecular layer of the growth surface can be treate
a uniform mixture of host and guest materials with th
respective bulk optical dielectric constants. When the surf
roughness of an otherwise crystalline material extends
yond one monolayer, the three-layer model or the modifi
tion of the model by Aspnes and co-workers15 assumes tha
the atoms including voids within each atomic/molecu
layer at same height from the substrate experiences s
mean electric field, and the dielectric response of each la
is a volume average of those of bulk atoms and voids wit
the layer based on a self-consistent effective medium
proximation ~EMA! proposed by Bruggeman.16 The contri-
butions from surface atoms including those at step edges
either neglected or not treated explicitly. Though conveni
and in some cases successful,15,17 such an assumption i
questionable voids are not inclusions and thus the elec
field in a void is expected to be different from that in th
corresponding filled region. In addition atoms or molecu
0163-1829/2004/69~11!/115407~5!/$22.50 69 1154
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at interfaces and particularly at step edges have distin
different dielectric responses. When their contributions
no longer negligible, the modified three-layer model w
Bruggeman’s effective medium approximation does not le
itself to a transparent analysis of such contributions. In ea
stages of growth or erosion, the variation of step edge d
sity is one of the most useful indicators of whether the p
cesses proceed in a layer-by-layer fashion~i.e., two-
dimensionally!, or a three-dimensional island fashion,
otherwise.10,18

In this paper, I propose a different mean-field model
dealing with optical reflection from a rough film of crysta
line material with characteristic roughness length sca
much less than optical wavelengths. In this model, I comp
the sum of reflection from flat terraces of the surface, eac
which consists of terrace atoms and step edge atoms~with
their respective dielectric constants!, a layer of bulk atoms
that may be different from the substrate, and the underly
substrate. This model treats voids naturally under the circu
stances. The main result of this model is thatthe optical
reflectivity difference has a term that is proportional to th
mean thickness of the rough film and a term that varies
early with the density of step edge atoms. This model makes
the correlation of the optical reflectivity difference, meas
able during thin film growth and erosion, to the surface m
phology more straightforward and transparent.

As shown for example by Kalffet al.,19 Vrijmoethet al.,20

and others in scanning tunneling microscopy studies of e
taxy and ion erosion of crystalline metals, a majority of s
face atoms on a growth or erosion surface are on terraces
a minority of them are at step edges. In this case the
reflection of a light can be considered as the sum of
reflection from all terraces at different heights from the su
strate surface plane as I will justify shortly. Since the dime
sion of each terrace segment on a rough film is much sma
than optical wavelengths, the radiation from such a segm
alone would be diffusive. However due to the fact that th
characteristic dimension and separation between rough
tures are small compared to optical wavelengths, only
©2004 The American Physical Society07-1
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radiation in specular direction survives the summation o
the contributions from all terrace segments. Therefore
should only concern ourselves with the radiation from ea
terrace segment in specular direction and in the associ
direction inside the rough surface.

The concept of considering the reflection from a terra
segment locally is justified if the reflected radiation from t
segment results only from the local structure and dielec
properties. Consider reflection from a three-layer system
in a classical Fabry–Perot interferometer.21 The reflection is
governed by the dielectric property over a range determi
by the effective number~N! of multiple reflections in a film
of thicknessh. N is given byN54AR21R23/(12AR21R23),
whereR21 and R23 are reflectances~absolute squares of re
flectivity! of light from the interfaces between the film~me-
dium #2! and the ambient~medium #1! and between the film
and the substrate~medium #3!, respectively. At optical wave
lengths,AR21R23;0.5, one hasN;4. Since the lateral dis
tance traveled by the light between two successive refl
tions is roughlydx5(sinfinc /Au«du)(h/2);h/12, the linear
size of the region that contributes to a local reflection
roughlyNdx;h/3. For a rough film of thicknessh510 lay-
ers, the reflection from a terrace segment can be consid
local if the width of the terrace is more than that of 3 laye
This holds true during initial stages of a film growth or er
sion. The morphology of a rough crystalline film at the
early stages already enables determination of the kinetic
the process. It is this limit that the present model will
most useful.

In Fig. 1~a!, I show the sketch of a rough film on a smoo

FIG. 1. ~a! Sketch of a rough crystalline thin film on top of
smooth substrate~white squares, characterized by«s). Dark gray
squares: atoms inside the rough film, characterized by«d,bulk . Black
squares: terrace atoms, characterized by«d,terr. Light gray squares:
step edge atoms, characterized by an effective«d,step. ~b! The rear-
rangement of the rough crystalline film for the purpose of comp
ing specularly reflected light.
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substrate («s). The film is in contact with a lossless ambie
with an optical dielectric constant«0 . The atoms inside the
film are characterized by a bulk-phase optical dielectric c
stant«d,bulk . The atoms inside terraces of the outermost la
are characterized by a different dielectric constant«d,terr.
The atoms at step edges are characterized by an effe
dielectric constant«d,step. I should note that the reflection
from each terrace segment contains separate contribu
from the terrace atoms and the step edge atoms. Not only
dielectric response from the latter is different from that of t
terrace atoms, the effective electric field experienced by
step edge atoms is also different and somewhat ill-define
will treat this electric field in a mean-field sense and inc
porate the unaccounted effect into«d,step.

Let a collimated beam of light with wavelengthl incident
on the rough film as shown in Fig. 1~a! at anglef inc . Since
the incident light needs to reach different depths for terra
at different heights from the substrate, and the reflected
diation in specular direction from different terraces trav
different distances before they add to yield the net reflecti
it is necessary to keep track of the height of a terrace s
ment under consideration. For terrace segments at the s
height from the substrate surface, the sum of the dista
covered by the incident light from a reference wave front a
the distance covered by the specular reflected light to ano
reference wave front on the reflection side is a constant.
thus sensible to treat the radiation from those terrace s
ments at a fixed height from the substrate surface toget
For this purpose I rearrange the rough film by grouping
gether the terraces at same height and furthermore separ
each of the ‘‘coalesced’’ terraces into a region of terrace
oms and a region of step edge atoms, as shown in Fig. 1~b!.

Let u j be the coverage of thej th ‘‘coalesced’’ terrace at a
distancedj5 jd01dinit away from the substrate surface.d0 is
the thickness of one monolayer in the direction normal to
surface, anddinit is the smallest height of the rough film from
the substrate surface. Letu j ,t be the coverage of terrace a
oms, u j ,step be the coverage of step edge atoms, andu j
5u j ,t1u j ,step. It is clear that ( j 50u j5( j 50u j ,t
1( j 50u j ,step51. I define the total coverage of terrace atom
as u t[( j 50u j ,t , and the total coverage of step edge ato
asustep[( j 50u j ,step.

The reflectivity fors- and p-polarized light from such a
rough film can be written as the sum of contributions fro
all terraces,

r s~p!5(
j 50

r s~p!
~ t ! ~dj !u j ,t exp~2 i4pdj cosf inc /l!

1(
j 50

r s~p!
~step!~dj !u j ,stepexp~2 i4pdj cosf inc /l!, ~1!

r s(p)
(t) (dj ) is the reflectivity fors(p)-polarized light from a

three-layer system that consists of a monolayer of terr
atoms, a layer of bulk-phase atoms with a thickness ofdj

2d0 , and the substrate.r s(p)
(step)(dj ) is the reflectivity from a

similar three-layer system in which the topmost monolaye
replaced by atoms characterized by«d,step. In the limit that
the thickness of the rough film is much less than the wa

t-
7-2
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length, the correction to the reflectivity from a bare substr
is small and varies linearly with the thickness of the rou
film. In this case the contributions from the topmost lay
and the bulk-phase layer are additive, andr s(p)

(t) (dj ) and
r s(p)

(step)(dj ) are given by9–13

r s~p!
~ t ! ~dj !5r s~p!0@11Ds~p!

~bulk!~dj2d0!1Ds~p!
~ t ! ~d0!#, ~2!

r s~p!
~step!~dj !5r s~p!0@11Ds~p!

~bulk!~dj2d0!1Ds~p!
~step!~d0!#. ~3!

Inserting Eqs.~2! and~3! into Eq.~1! and keeping only terms
that vary linearly with the thicknesses,

r s~p!5r s~p!0(
j 50

@11Ds~p!
~bulk!~dj2d0!1Ds~p!

~ t ! ~d0!

2 i4pdj cosf inc /l#u j1r s~p!0

3@Ds~p!
~step!~d0!2Ds

~ t !~d0!#ustep, ~4!

I define the optical reflectivity difference as

Dp2Ds[
r p2r p0

r p0
2

r s2r s0

r s0
. ~5!

From Eq.~4!, I arrive at

Dp2Ds5(
j 50

@Dp
~bulk!~dj2d0!2Ds

~bulk!~dj2d0!#u j

1@Dp
~ t !~d0!2Ds

~ t !~d0!#u t

1@Dp
~step!~d0!2Ds

~step!~d0!#ustep. ~6!

Zhu and co-workers have shown that9–12

Dp
~ t !~d0!2Ds

~ t !~d0!5ad0F ~«d,terr2«0!~«d,terr2«s!

«d,terr
G , ~7!

Dp
~step!~d0!2Ds

~step!~d0!5ad0F ~«d,step2«0!~«d,step2«s!

«d,step
G ,
~8!

Dp
~bulk!~dj2d0!2Ds

~bulk!~dj2d0!

5a3~dj2d0!F ~«d,bulk2«0!~«d,bulk2«s!

«d,bulk
G , ~9!

a[~2 i !
4p cosf inc sin2 f incA«0«s

l~«s2«0!~«s cos2 f inc2«0 sin2 f inc!
. ~10!

Since( j 50(dj2d0)u j5^d&2d0 with ^d&5( j 50dju j being
the average thickness,
11540
e

r
Dp2Ds5aF ~«d,bulk2«0!~«d,bulk2«s!~^d&2d0!

«d,bulk

1
~«d,terr2«0!~«d,terr2«s!d0

«d,terr
G

1ad0F ~«d,step2«0!~«d,step2«s!

«d,step

2
~«d,terr2«0!~«d,terr2«s!

«d,terr
Gustep. ~11!

Equation~11! is the main result of this paper. In homoep
taxy or erosion processes, the bulk-phase film is the sam
the substrate«d,bulk5«s . As a result the first term in the firs
bracket of Eq.~11! drops off. The model predicts that th
optical reflectivity difference is proportional to the density
step edge atomsustep. In a step-flow growth or erosion
where ustep remains unchanged,Dp2Ds is expected to re-
main constant as well. In a layer-by-layer growth whereustep
oscillates with continuous deposition,Dp2Ds is expected to
oscillate accordingly just as RHEED or helium scattering.1–7

I should note that in a reactive molecular beam epita
atomic constituents are deposited sequentially such that
chemical make-up and the resultant«d,terr of the topmost
molecular layer go through oscillatory changes as each la
of unit cells is formed. As a result, an additional oscillato
variation inDp2Ds originated from«d,terr is expected.2,7,8 In
a three-dimensional growth~island growth! or erosion when
ustep increases monotonically,Dp2Ds is expected to vary
monotonically accordingly. In heteroepitaxy, in addition
the dependence onustep, Dp2Ds also increases~or de-
creases! linearly with the average thickness^d& of a rough
film. These behaviors have been observed experimental

I now use the present model to examine the findings o
number of OI-RD experiments in which complexDp2Ds
have been determined directly. The experimental setup fo
oblique-incidence optical reflectivity difference techniq
has been described in details recently in Refs. 9–12. A
quantitative test for such a mean-field model, Landry a
co-workers have measuredDp2Ds from one and two mono-
layers of Xe films on Nb~110!.22 By comparing with the first
term in Eq.~11! using«s520.251 i16.13,«d,terrace'«d,bulk
52.19, anddo53.55 Å, they found that the model repro
duced the incidence-angle dependence and the magnitud
the experimentalDp2Ds .

OI-RD studies of kinetic roughening in rare-gas epitax.
Recently Nabighianet al.10 and Thomaset al.12 reported
studies of Xe growth on Ni~111! and Nb~110! using the tech-
niques of OI-RD and LEED. On Ni~111! the first monolayer
of Xe forms a commensurate, nearly strain-free ()
3))R30° ~hexagonal close-packed! structure. The subse
quent Xe growth is a model case of vapor-phase homoe
axy on the~111! plane of a fcc crystal. Nabighian and co
workers observed that at 40 K, the growth of Xe on t
()3))R30°-Xe superlattice proceeds in a layer-by-lay
mode and the corresponding Im$Dp2Ds% varies periodically
with Xe exposure. It is noteworthy that the oscillations c
only originate from a periodic change inustep. When
7-3
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the substrate temperature is reduced to 35 K, the Xe gro
becomes rough~or three-dimensional!, and the correspond
ing Im$Dp2Ds% was found to vary monotonically with Xe
exposure. Both are consistent with the prediction of Eq.~11!.
On Nb~110!, the first two Xe monolayers form a transitio
layer to accommodate the lattice mismatch and symm
frustration between the~110! plane of a bcc metal and th
~111! plane of a Xe crystal. The third monolayer of Xe form
a bulk-like hexagonal close-packed structure. Thomas
co-workers observed that between 53 and 47 K, the
growth on top of the third Xe monolayer proceeds in a st
flow mode and the correspondingDp2Ds change monotoni-
cally with Xe exposure. At around 40 K, the growth mo
goes through a transition from a step-flow growth to a lay
by-layer growth, signified by a small oscillatory compone
on top of the monotonic envelope of Re$Dp2Ds%. Although
the signal-to-noise ratio was limited, the line shape of
oscillation roughly reproduced the functional form,;(1
2u)A2 ln(12u), predicted by Stoyanov and Michailov fo
ustep for a layer-by-layer growth~through homogeneou
nucleation and growth of compact 2D islands!.23 Below 35
K, the growth becomes rough and the oscillatory compon
in Re$Dp2Ds% vanishes. More recently, Fei and co-worke
also observed oscillations inDp2Ds in response to a layer
by-layer growth of Nb-doped SrTiO3 on SrTiO3(001).24

These authors found the oscillations to persist over hund
of monolayers.

OI-RD studies of ion erosion of crystalline metals. Ero-
sion of crystalline metals can be considered as an inv
process of homoepitaxy in which atoms are removed from
surface instead of being added to the surface. In an ion
sion process, vacancies~created by ion sputtering of surfac
atoms off flat terraces! play the similar role as deposite
adatoms do in homoepitaxy. Depending upon the mobility
surface vacancies, the erosion of a crystalline surface
proceed in a step-flow mode, or a layer-by-layer mode, o
three-dimensional mode in which case multilayer moun
and pits form. As shown by Kalffet al.,19 the slope of a
multilayer mound or pit is a characteristic of the balan
between the erosion and the kinetic-limited annealing p
cess. Since the slope of a mound or pit is proportional to
density of step edge atoms, the OI-RD signal from an er
ing surfacedirectly measures the average slope. In Fig. 2
display Re$Dp2Ds% from an Nb~110! surface that is eroded
by 1-keV Ar/Ne ions. Two monolayers of Nb are remov
after 600 s. At 1073 K, Re$Dp2Ds% remains unchanged, in
dicating that the erosion proceeds in a step-flow mode.
the temperature decreases, Re$Dp2Ds% increases monotoni
cally with ion exposure, indicating that the roughness bui
up, and thusustep increases. Sinceustep is proportional to the
slope, Re$Dp2Ds% shows the evolution of the average slop
I note that although scanning tunneling microscopy reve

*Email address: xdzhu@physics.ucdavis.edu. FAX:11-530/752-
4717.
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atomic scale details of a rough surface,19,20 it is not a conve-
nient experimental method for extracting ensemble avera
quantities of a rough surface since extensive data have t
taken and analyzed. In this regard, the technique of OI-
has an inherent advantage of measuring directly and cont
ously the average slope on a rough surface with high ac
racy. The latter is crucial for studying scaling behaviors
erosion or three-dimensional growth.

In conclusion, when the mean thickness of a rough cr
talline film on a smooth substrate is small compared to o
cal wavelengths, and when the average slope of the ro
features is small, the net optical reflection from such a s
face is approximately the sum of reflections from terra
segments of the surface. As a result, the experimentally m
surable reflectivity difference, defined asDp2Ds , consists
of a term that is proportional to the mean thickness of
bulk-phase portion of the film, a term that is a function of t
dielectric response of terrace atoms~or unit cells!, and a term
that is proportional to the density of step edge atoms. In
limit that this model applies, it offers a transparent mean
analyze the morphology of a growth or eroding surface
real time and is thus effective for studies of growth and e
sion kinetics under a wide range of conditions that are acc
sible by light.
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